With no therapy specifically approved for non-clear cell cancers of the kidney, this disease remains an orphan site. Clear cell renal cancers (ccRCC) have seen a flurry of activity with multiple agents gaining Food and Drug Administration (FDA) approval in recent years. Simultaneously, non-clear cell RCC (ncRCC) have also seen a fair share of activity and exploration of new agents in development but no specific FDA approvals. Non-clear cell RCC is a mixed bag of multiple types of tumors originating in the kidney with distinct clinical molecular and genetic characteristics that vary significantly from clear cell carcinoma of the kidney. Conventionally, non-clear cell RCC have been treated with the same therapies as clear cell RCC. The clinical trials are typically conducted in ccRCC and the FDA approval covers non-clear cell cancer as well. Few randomized clinical trials have been conducted specifically for ncRCC. With the advent of molecular and tumor genomic testing, leading to discovery of targets and associated therapies for ncRCC, a specific review of the state of management of this disease is timely and clinically relevant.
Introduction
Of the 21,052 cases of distant stage kidney cancer between the years 2000 and 2013, 5259 (24.98%) were of non-clear cell histology as reported by the SEER population registry [1] . Although less frequent in incidence, non-clear cell renal cancers (ncRCC) remain an incurable and fatal malignancy in the advanced stages. Some of the histologies such as translocation type, or medullary kidney cancers, can be observed in young patients and the clinical impact can be significant. Kidney cancer incidence increased 2.1-fold between 1990 and 2013, with equal contributions from population growth (35.0%), changes in age structure (34.7%), and increasing incidence rates (37.1%) [2] . Therapeutic development in non-clear cell kidney cancer is gaining momentum as we gain a better understanding of the biology of the disease. However, emerging evidence indicates that each of these rare tumors have a unique pathophysiology and may need to be addressed separately for therapeutic development [3••] . At present, the therapies evaluated in clinical trials conducted in clear cell RCC and approved by the FDA for kidney cancer are routinely used in non-clear cell as well. The efficacy of the same agents in ncRCC is attenuated with decreased response rates and shorter durations of response. This subset of kidney tumors remains lethal in the metastatic setting and a large contributor to the morbidity and mortality of this disease. Due to the rare incidence, any advances in ncRCC continue to require accrual from multiple institutions or cooperative group trial efforts. Recognizing this, priority should be given for rational drug development trials in ncRCC in a collaborative effort.
Genetic or Familial Syndromes
Multiple non-clear cell histologies have associations with specific genetic or familial syndromes (Table 1) . Von Hippel-Lindau is typically described and associated with clear cell cancers of kidney. However for ncRCC, hereditary papillary renal carcinoma, Birt-Hogg-Dubé, hereditary leiomyomatosis renal cell carcinoma, succinate dehydrogenase kidney cancer, tuberous sclerosis complex (TSC), and Cowden's disease have been reported [3••, 4] . Hereditary papillary kidney cancer demonstrates autosomal dominant inheritance with multifocal multiple bilateral type I tumors that tend to be localized. Usually, management consists of careful surveillance and resections as needed prior to tumors attaining a size of about 3 cm. For familial type II papillary cancers, the proto-oncogene MET is frequently mutated usually in the tyrosine kinase domain resulting in possible efficacy of multikinase inhibitors such as vascular endothelial growth factor inhibitors and MET inhibitors [4] .
Treatment of ncRCC Role of nephrectomy and perioperative therapy
Due to suboptimal systemic therapy, the importance of cytoreductive nephrectomy (CN) in ncRCC is prominent. The studies of CN were conducted in patients with clear cell renal cancers (ccRCC); however, the principle of impacting survival by debulking surgery critically applies to localized and metastatic ncRCC [5, 6] . However, post nephrectomy, the evidence indicates that there is no benefit with adjuvant systemic therapy. ECOG 2805 was a double-blind randomized trial to evaluate the overall survival (OS) benefit of sunitinib or sorafenib versus placebo in patients with localized RCC post nephrectomy. The overall study results showed no benefit with either of the therapies as compared to placebo. In the study, [7] , 550 of 1943 (28.3%) enrolled patients had ncRCC histology and no benefit in disease-free survival or OS was noted within this subgroup. The hazard ratios within the non-clear cell histology subgroup in the trial were 1.07 (97.5% confidence interval, 0.69-1.67) for sunitinib versus placebo and 0.94 (97.5% confidence interval, 0.59-1.48) for sorafenib versus placebo. Other reported studies have not included ncRCC. The EVEREST trial randomizing patients to adjuvant everolimus or placebo allowed non-clear cell histology and has completed accrual but results are awaited. In high-risk patients with sarcomatoid, medullary or collecting duct carcinoma, adjuvant chemotherapy with doxorubicin and gemcitabine or cisplatin and gemcitabine should be considered.
In metastatic disease, CN plays an important role. A study evaluating ncRCC cases between 2000 and 2009 in the SEER database noted that 64% of the patients had CN and showed significantly lower cancer-specific mortality (hazard ratio [HR] 0.62, 95% confidence interval [CI] 0.48-0.80, P G 0.001) and all-cause mortality (HR 0.45, 95% CI 0.37-0.55, P G 0.001). Our analysis of distant-stage ncRCC cases between 2000 and 2013 from SEER also showed a [7] . Forty-four percent of cases with distant-stage ncRCC had CN as compared to 34% with ccRCC and, despite the higher incidence of CN, OS outcomes were worse for ncRCC. In metastatic disease, CN should be undertaken if the patient demonstrates adequate performance status (PS) and symptomatic large primary or minimally symptomatic non-bulky metastases. If CN is done in patients with suboptimal PS or bulky metastases, it is likely that the window of opportunity to treat with systemic therapy and achieve significant palliation is lost [5, 6] .
Local therapy
Local therapy, if feasible, should be considered in the management of ncRCC. Metastatectomy to render complete remission constitutes an important strategy in a disease with suboptimal systemic therapy outcomes. Non-invasive local therapies such as stereotactic radiation therapy (SRT) [8] , cryotherapy [9] , or other ablation techniques should be considered in selected patients with oligometastatic disease (Fig. 1) . In a series of 84 patients receiving SRT to a total of 175 sites, the 1-year local control rate was noted to be 91% [8] . A cryotherapy series from our institution that reported on 63 metastatic sites in 29 RCC patients showed an overall disease progression rate of 10% at 11-month followup and a local relapse rate of only 1.3% [9] . Although this is a carefully selected oligometastatic disease patient population, the data illustrate that durable remissions in metastatic disease can be achieved with local therapy alone.
Systemic therapy
The treatment options for ncRCC are dependent on histology; however, overall, randomized studies have demonstrated that anti-VEGF therapy with sunitinib in the front-line setting produces better outcomes than the mammalian target of rapamycin (mTOR) inhibitor everolimus [ ccRCC. The intermediate and poor-risk patients predominantly contributed to the differences in OS outcomes between the groups. In the favorable group (37 ncRCC cases), the outcome was no different from favorable ccRCC. Single-agent studies of chemotherapy, everolimus, and c-Met inhibitors have also been conducted demonstrating modest efficacy. Subgroup analysis of chromophobe RCC in the ASPEN trial revealed better clinical outcomes with everolimus therapy [9] . In papillary RCC (the most common histology of ncRCC), c-Met inhibition has been extensively tested in phase II trials. A phase II study of XL-880 or foretinib [15] revealed an ORR of 13.5% and median PFS of 9.3 months in the 74 patients enrolled, but a RR of 50% in patients with germline Met mutations. Savolitinib (NCT02127710/ Astra-Zeneca Inc.) 600 mg orally daily was evaluated in a phase II trial conducted in 109 patients and demonstrated an objective RR of 7% and tumor shrinkage in 20%, but in MET-driven papillary RCC, the ORR was noted to be 18% with tumor shrinkage in 61% respectively [16] . Forty-four patients (40%) had MET-driven papillary renal cancer (PRCC), defined by the presence of chromosome 7, MET copy number gain, focal MET, or HGF gene amplification, or MET kinase domain mutations in their tumor samples. The median PFS were 6.2 and 1.4 months, respectively, a difference that was statistically significant and showed a hazard ratio of 0.33 in favor of MET-driven PRCC as compared to the non-MET-driven disease. Now a phase III trial of savolitinib versus sunitinib in papillary RCC with Met mutations is being planned [17] . A randomized trial conducted by the Southwest Oncology Group is evaluating the clinical efficacy of three distinct targeted therapies; savolitinib (c-Met inhibitor), cabozantinib (dual VEGF and c-Met inhibitor), and crizotinib (Alk-1 and c-Met inhibitor) and comparing this to a sunitinib control arm. Both of these studies have the potential to change the current standard therapy of front-line sunitinib in metastatic papillary RCC.
Immunotherapy
High dose interleukin-2 has demonstrated lack of efficacy in ncRCC and should not be considered. Immune checkpoint inhibitors have not been studied but can be utilized due to the FDA approval in advanced kidney cancer. Case reports of PD-1 inhibitors showing efficacy in RCC are noted [18] . PD-1 expression 9 1% was noted in 15% of ncRCC studied [19] . A recent report revealed promising results with nivolumab in ncRCC especially sarcomatoid histology [19] . Combinations of PD-1 inhibitors with ipilimumab, epacadostat, or other Ido-1 inhibitors are worthy of evaluation. A phase II trial of a combination of bevacizumab and atezolizumab in ncRCC is currently ongoing at multiple sites across the USA.
Genomic Targets for Therapy
The advent of targeted therapies based on next-generation sequencing has been slow in kidney cancer. The heterogeneity of RCC is probably one of the primary reasons why the targets detected are not predictive of therapeutic efficacy. In addition, most of the data is collected from nephrectomy specimens and the concordance with targets expressed by metastases is unknown. As of now, most of the genomic markers identified have shown prognostic value and no predictive benefit [3••, 4] . The c-Met mutations are being explored in clinical trials as a therapeutic target, and clinical trials in metastatic papillary renal cancer are selecting patients with MET mutations to be randomized to sunitinib therapy or the c-Met inhibitor savolitinib [17] . However, a study conducted by Cancer Genome Atlas in 161 papillary cases identified that MET alterations were typically noted in the type 1 disease which is usually not clinically aggressive. In type 2 papillary renal cell carcinomas, alterations such as CDKN2A silencing, SETD2 mutations, TFE3 fusions, and increased expression of the NRF2-antioxidant response element pathway were frequently noted [20] . Mutation of the gene encoding fumarate hydratase was observed in a distinct subgroup of type 2 characterized by poor prognosis [21] . An association between loss of fumarate hydratase and HIF-1 overexpression has been reported and this emphasizes the possibility of evaluating HIF-1 alpha inhibitors in non-clear cell RCC with FH mutations [22] . Chromophobe RCC is typically associated with folliculin gene mutations but has also been associated with Cowden syndrome characterized by PTEN mutations [23] . In TSC1/2 mutations, mTOR inhibition should be the therapy of choice [24] . In sarcomatoid, translocation type, collecting duct, and unclassified and medullary histologies, multiple genomic findings are described and are summarized in Table 1 ; however, no specific therapeutic recommendations can be made within the limitations of the current level of evidence [25] [26] [27] [28] [29] .
Conclusions
Non-clear cell kidney cancer represents an unmet need in specific therapeutic development in oncology. Each histology has unique clinical and genomic characteristics and these should be exploited for planning appropriate targeted therapies. Current treatments used in kidney cancer have demonstrated limited efficacy in ncRCC and identification of novel targets, and future rational study design for therapeutic development is needed.
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